therapy with iNOS provides long-term protection against myocardial infarction without adverse functional consequences.
nitric oxide synthase; cardiac function; mouse ALTHOUGH ISCHEMIC PRECONDITIONING (PC) is known to be a powerful cardioprotective adaptation, it has not yet found clinical application. The late phase of PC would appear particularly suitable for therapeutic exploitation because it is underlain by the upregulation of cardioprotective genes, which, if expressed chronically, could conceivably induce a longlasting PC state (3, 4) . Among these genes, the inducible isoform of nitric oxide (NO) synthase (iNOS) has been studied most thoroughly. Extensive evidence over the past decade demonstrates that iNOS is an obligatory mediator of the protection afforded by late PC induced by various stimuli, including ischemia, physical exercise, and various pharmacological agents (1) (2) (3) 5) . Therefore, upregulation of iNOS appears to be a final common pathway whereby diverse stimuli induce a shift of the heart to a defensive (preconditioned) phenotype. We have previously demonstrated that gene transfer of iNOS via recombinant adenovirus 5 (Ad5) effectively limits infarct size 3 days later (18) , indicating that upregulation of iNOS via gene therapy is sufficient to replicate the cardioprotective effects of late PC. However, before iNOS gene therapy can be used clinically to protect the ischemic myocardium, it is important to determine whether chronic overexpression of iNOS in the myocardium is cardioprotective.
In this regard, a number of experimental and clinical results have been interpreted to suggest that enhanced production of NO via iNOS is detrimental to the myocardium (13, 20) . Increased iNOS activity has been reported in ventricular tissue from patients with dilated cardiomyopathy (6) . Increased iNOS activity has also been found in myocarditis, ischemic heart disease, valvular heart disease, and human cardiac allografts, and iNOS levels have been found to correlate with ventricular contractile dysfunction (8, 15, 20, 22) . Mungrue et al. (19) reported that chronic cardiac-specific upregulation of iNOS in transgenic mice led to increased production of peroxynitrite, which was associated with cardiac hypertrophy and dilatation. In contrast, Heger et al. (16) found that cardiac-specific overexpression of iNOS at higher levels than those of Mungrue et al. (19) resulted in a relatively normal cardiac phenotype. Therefore, the effects of chronic upregulation of iNOS on the myocardium remain controversial, although many investigators believe that it may have adverse effects on myocardial viability and function.
The goal of the present study was to determine whether long-term (up to 2 mo) overexpression of iNOS confers protection against myocardial infarction in mice. We used a well-established murine model of myocardial infarction (11, 12) and the same recombinant Ad5 vector (Av3) employed in our previous study (18) . Because of the deletions of the E1, E2a, and E3 regions, this vector offers the advantage of attenuated inflammatory response compared with first-generation (E1-or E1/E3-deleted) vectors (10). Our results demonstrate that the Av3 vector enables long-lasting iNOS gene expression for at least 2 mo and that this results in significant cardioprotection without adverse functional effects.
MATERIALS AND METHODS

Adenoviral vectors.
Recombinant adenoviral vectors deleted in the E1, E2a, and E3 regions and carrying either a nuclear-targeted ␤-galactosidase reporter gene (Av3/LacZ) or the human iNOS gene (Av3/iNOS) were constructed essentially as previously described (10, 18) by homologous recombination between pAvS6/LacZ or pAvS6/ iNOS and the large ClaI fragment constituting the right side of a novel Ad5 mutant that contains deletions in the E2a and E3 regions. Plaque-isolated viral clones were propagated at a high titer in an A549-derived cell line, AE1-2a, which contains the Ad5 E1 and E2a region genes, and then purified over two CsCl gradients and titered by plaque assay (10, 18) .
In vivo gene transfer. Male ICR mice (10 -12 wk; 37.7 Ϯ 0.4 g) were anesthetized with pentobarbital sodium (50 mg/kg ip) and intubated. After the chest was opened through a midline sternotomy, mice received intramyocardial injections in the anterior left ventricular (LV) wall of Av3/LacZ [2 ϫ 10 7 pfu (Av3/LacZ group)] or Av3/iNOS [2 ϫ 10 7 pfu (Av3/iNOS group)]. One or two months later, the mice underwent the infarction protocol described below (Fig. 1) . The intramyocardial injection was 10 l in volume and was performed with a 50-l syringe using a 30-gauge needle; each mouse received two injections in the soon-to-be-ischemic region of the LV (10, 18).
Coronary occlusion-reperfusion protocol. The murine model of myocardial ischemia and reperfusion has been described in detail (11, 12) . Briefly, mice were anesthetized with pentobarbital sodium (50 mg/kg ip) and ventilated using carefully selected parameters. After administration of antibiotics, the chest was opened through a midline sternotomy, and a nontraumatic balloon occluder was implanted around the midleft anterior descending coronary artery by using an 8-0 nylon suture. To prevent hypotension, blood from a donor mouse was given at serial times during surgery (11, 12) . Rectal temperature was carefully monitored and maintained between 36.7°C and 37.3°C throughout the experiment. In all groups, myocardial infarction was produced by a 30-min coronary occlusion followed by 4 h of reperfusion (Fig. 1) . The sham group underwent a thoracotomy with 1 h of open-chest state without coronary occlusion-reperfusion. The late PC group was preconditioned with a sequence of six 4-min occlusion/4-min reperfusion cycles 24 h before the 30-min occlusion (Fig. 1) . The LacZ and iNOS groups received intramyocardial injections of Av3/ LacZ or Av3/iNOS, respectively, as described above, 1 or 2 mo before the 30-min occlusion. In all groups, successful performance of coronary occlusion and reperfusion was verified by visual inspection (i.e., , they underwent a 30-min coronary occlusion followed by 4 h of reperfusion. Mice in the late PC group were preconditioned with a sequence of 6 cycles of 4-min occlusion and 4-min reperfusion on day 1; on day 2, they were subjected to a 30-min coronary occlusion followed by 4 h of reperfusion. Mice in the LacZ and iNOS groups underwent serial echocardiographic studies on days 0, 28, and 56; on day 1, they were subjected to intramyocardial injections of Av3/LacZ (LacZ group) or Av3/iNOS (iNOS group), respectively; either on day 31 or on day 60, both groups underwent a 30-min coronary occlusion followed by 4 h of reperfusion for infarct size determination.
by noting the development of a pale color in the distal myocardium after inflation of the balloon and the return of a bright red color due to hyperemia after deflation) and by observing S-T segment elevation and widening of the QRS on the ECG during ischemia and their resolution after reperfusion. After the coronary occlusion-reperfusion protocol was completed, the chest was closed in layers, and a small catheter was left in the thorax for 10 -20 min to evacuate air and fluids. The mice were removed from the ventilator, kept warm with heat lamps, given fluids (1.0 -1.5 ml of 5% dextrose in water ip), and allowed 100% oxygen via nasal cone.
Postmortem tissue analysis. At the conclusion of the study, the occluded-reperfused vascular bed and the infarct were identified by postmortem perfusion of the heart with phthalo blue dye and triphenyltetrazolium chloride (11, 12) . The corresponding areas were measured by computerized videoplanimetry (Adobe Photoshop version 7.0), and from these measurements infarct size was calculated as a percentage of the region at risk (11, 12) .
Echocardiography. Echocardiographic studies were performed using a HDI 5000 SonoCT ultrasound system (Philips Medical Systems, Bothell, WA) equipped with a 15-to 7-MHz linear transducer. Mice were anesthetized with isoflurane (3% induction and 1.5% maintenance). The chest was shaved, and mice were placed in a supine position. A rectal temperature probe was placed, and the body temperature was carefully maintained between 37.0°C and 37.5°C with a heating pad throughout the study. The parasternal short-axis and modified parasternal long-axis views were used to obtain two-dimensional (2-D) and M-mode images. Digital images were analyzed off-line in a blinded fashion using ProSolv (version 2.5) image analysis software (Problem Solving Concepts, Indianapolis, IN), according to the American Society of Echocardiography standards (9, 21) .
Western immunoblotting analysis. Western immunoblotting analysis was performed as previously described (11, 18, 23) . Briefly, 100 g of protein were separated on an 8% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. Gel transfer efficiency was recorded carefully by making photocopies of membranes dyed with reversible Ponceau staining; gel retention was determined by Coomassie blue staining. Proteins were probed with a specific monoclonal anti-human iNOS antibody (BD Transduction Laboratories, Lexington, KY). Immunoreactive bands were visualized with horseradish peroxidase-conjugated anti-mouse IgG using an ECL detection kit (NEN), quantified by densitometry, and normalized to the Ponceau stain density. Lysates of mouse macrophages pretreated with interferon-␥ and lipopolysaccharide (LPS) (Transduction Laboratories) were used as positive control for iNOS immunoblotting. In all samples, the content of iNOS protein was expressed as a percentage of the corresponding protein in the Av3/LacZ group (viral control group).
Measurement of iNOS activity. Calcium-independent NOS activity (iNOS activity) was determined by measuring the conversion of L-[
C]arginine to L-[
14 C]citrulline as previously described (11, 18) . Briefly, isolated proteins were incubated at 37°C for 30 min with reaction buffer containing 50 mM Tris ⅐ HCl (pH 7.4), 1 mM NADPH, 5 M flavin adenine dinucleotide, 5 M flavin mononucleotide, 10 M tetrahydrobiopterin, 1 mM EGTA, and purified L-[ 14 C]arginine (348 mCi/mmol, 0.1 Ci per reaction, Amersham) without calcium and calmodulin. In all groups, duplicate assays were performed for each sample, and iNOS activity was expressed as picomoles of L-citrulline per minute per milligram protein.
Immunohistochemistry. Frozen 10-m sections were fixed in 10% formalin for 2 min at room temperature, washed in PBS, and immunostained respectively with a monoclonal anti-human iNOS antibody (BD Transduction Laboratories) (Fig. 3) , a monoclonal anti-CD4 ϩ or anti-CD8 ϩ antibody, and a rabbit polyclonal anti-CD25 ϩ antibody (Santa Cruz Biotechnology) (Fig. 4) by using the ABC kit (Vector Laboratories). Alternate sections were incubated in the absence of the primary antibody (negative control) as previously reported (18) .
Statistical analysis. Data are reported as means Ϯ SE. Measurements were analyzed by either one-way or two-way repeated-measures ANOVA, as appropriate, followed by unpaired Student's t-tests with the Bonferroni correction. A P value of Ͻ0.05 was considered statistically significant. All statistical analyses were performed using the SAS software system.
RESULTS
iNOS gene expression. One or two months after intramyocardial injection of Av3/LacZ (LacZ group) or Av3/iNOS (iNOS group), the myocardium surrounding the sites of injection (ϳ20 mg) was harvested for measurement of iNOS protein expression and iNOS activity (each heart received two injections). Western immunoblotting analysis demonstrated that myocardial iNOS expression was significantly increased by iNOS gene transfer at both 1 mo (2.8-fold) and 2 mo (2.1-fold) compared with mice transfected with reporter virus (Av3/ LacZ) ( Fig. 2, top ; P Ͻ 0.05). iNOS activity was also significantly increased in mice transfected with Av3/iNOS (3.3-fold at 1 mo and 2.5-fold at 2 mo vs. the corresponding Av3/LacZ group, P Ͻ 0.05; Fig. 2, bottom) , indicating that the transferred gene expresses functional competent protein for at least 2 mo. Consistent with iNOS immunoblotting and activity measurements, immunohistochemistry demonstrated robust iNOS immunoreactivity in the myocytes of hearts transfected with Av3/iNOS at 2 mo after gene transfer (Fig. 3B) . No iNOS immunoreactivity was noted in sections incubated with nonimmune serum (not shown). Immunocytochemistry for CD4 ϩ and CD8 ϩ (markers of T lymphocytes) and CD25 ϩ (IL-2 receptor-positive activated T lymphocytes) revealed no evidence of inflammation around the myocytes transduced with Av3/iNOS (Fig. 4) .
Effects of iNOS gene transfer on cardiac function. Cardiac function was assessed by 2-D echocardiography at baseline and at 4 and 8 wk after gene transfer. As shown in Table 1 , there were no appreciable changes in LV end-diastolic or endsystolic diameter, in LV fractional shortening, or in LV ejection fraction at either time point after iNOS gene transfer.
Infarct size. To characterize the efficacy of iNOS gene therapy, the infarct-sparing effects of Av3/iNOS gene transfer Fig. 4 . Immunocytochemistry for immune cell markers 2 mo after Av3-mediated gene transfer. In hearts transfected with either Av3/LacZ or Av3/ iNOS, few T lymphocytes (CD4 ϩ cells, B and C, ϫ400; CD8 ϩ cells, E and F, ϫ400) and interleukin-2 receptor-positive activated T lymphocytes (CD25 ϩ cells, H and I, ϫ400) were observed in the pericardiomyocyte space, which was not different from the untreated control hearts (A, D, and G, ϫ400) (n ϭ 3 in each group). Data are means Ϯ SE; n, number of mice. Av3, recombinant adenovirus 5 vector deleted in the E1, E2a, and E3 regions; iNOS, inducible nitric oxide synthase; LVEDD, left ventricular (LV) end-diastolic diameter; LVESD, LV end-systolic diameter; FS, fractional shortening; EF, ejection fraction; HR, heart rate.
were compared with those of the late phase of ischemic PC. When mice were preconditioned with six cycles of 4-min coronary occlusion/4-min reperfusion 24 h before the 30-min coronary occlusion, infarct size was reduced by an average of 49.5% versus sham preconditioned mice, indicating a late PC effect (Fig. 5) . In mice given Av3/LacZ, infarct size did not differ from that measured in mice undergoing sham PC, at either 1 mo (48.0 Ϯ 3.6% of the risk region, n ϭ 8) or 2 mo (36.6 Ϯ 2.4% of the risk region, n ϭ 7) (Fig. 5) . However, in mice transduced with Av3/iNOS, infarct size was smaller than in the control virus group (Av3/LacZ group) at both time points (24.2 Ϯ 3.4% of the risk region at 1 mo, n ϭ 6, and 23.4 Ϯ 3.1% of the risk region at 2 mo, n ϭ 8) (Fig. 5) , demonstrating that the expression of iNOS was associated with long-term cardioprotection. The average infarct size observed in the Av3/iNOS group was similar to that observed in the late PC group (Fig. 5) .
DISCUSSION
Although previous studies have shown that iNOS gene therapy protects the heart against ischemia-reperfusion injury in the short term (at 3 days) (18), the long-term effects are unknown. The present study demonstrates that transfer of the iNOS gene via the Av3 vector, a vector with deletions of the E1, E2a, and E3 regions, results in expression of the transgenic protein for at least 2 mo, with no immune response and no adverse effect on cardiac function. The upregulation of iNOS expression is associated with a reduction in infarct size for at least 2 mo after gene transfer. These results suggest that iNOS gene therapy may be a potentially useful therapeutic approach to ischemic heart disease.
Replication-deficient Ad5 vectors offer a number of advantages for gene transfer, including low pathogenicity, the capacity to transfect nonproliferating cells, the ability to accommodate relatively large segments of DNA, the fact that they can be prepared at higher titers than other vital vectors, and increased stability. The major problem with the first-generation Ad5 vectors (deleted only in the E1 and/or E3 regions) has been the short duration of gene expression and the strong inflammatory response that occurs after gene transfer in vivo. Studies of the immunopathogenesis of Ad5 vectors have revealed that the adenoviral gene products trigger an immune response in which CD4 ϩ , CD8 ϩ , and CD25 ϩ cells are important components (14, 17) . For this reason, we utilized an Ad5 vector with deletions of E1, E2a, and E3 regions (Av3). In agreement with previous studies (7, 10), we found that at 2 mo after gene transfer, the levels of CD4 ϩ , CD8 ϩ , and CD25 ϩ cells in the area of gene transfer (as assessed by immunocytochemistry) were not increased compared with the untreated control hearts. These data indicate that the Av3 vector does not elicit an inflammatory response, which may be the major reason for its ability to direct prolonged transgene expression for at least 2 mo. In addition, serial echocardiographic measurements of cardiac function showed no evidence of an adverse effect of iNOS gene transfer on LV dimensions or contractility up to 8 wk. These results, coupled with the fact that the cardioprotection persisted for 2 mo, suggest that the Av3 vector may have potential clinical utility. Whereas additional studies are needed with longer follow-up, the present findings provide a rationale for pursuing preclinical testing of iNOS gene therapy against myocardial infarction.
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